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In this issue of Immunity, Visvikis et al. (2014) use the model host Caenorhabditis elegans to discover a role
in innate immunity for the basic helix-loop-helix transcription factor, HLH-30. The finding inspires study of
the mammalian ortholog TFEB, in which a similar role in immune response is ascertained.The use of vertebrate models, such as
mice, rats, and rabbits, and human cell
culture lines, to answer scientific ques-
tions related to human innate immunity
is well established. However, researchers
have also utilized invertebrate model
organisms such as the worm (Caenorhab-
ditis elegans) and the fly (Drosophila
melanogaster) in which tremendous dis-
coveries relevant to human innate immu-
nity have also been made. In mammals,
TLRs (Toll-like receptors) are involved
in sensing infectious agents by binding
PAMPs (pathogen-associated molecular
patterns) such as LPS (lipopolysaccha-
ride) and mounting innate and adaptive
immune responses (Leulier and Lemaitre
2008). Interestingly, the involvement of
TLRs in host innate immunity was dis-
covered in D. melanogaster, where Toll
was determined to mediate expression
of the antifungal drosomycin in adults
(Lemaitre et al. 1996; Leulier and Lemaitre
2008). Toll is also critically involved in
Drosophila embryonic development prior
to adulthood (Lemaitre et al. 1996; Leulier
and Lemaitre 2008). Notably, there also
appears to be some role for TLRs in
mammalian development, but the primary
importance of these receptors is in direct-
ing the immune response (Rolls et al.
2007). This scenario is in contrast to
C. elegans, which possesses only one
TLR with a primary role in development
(Irazoqui et al. 2010). The TLRs therefore
provide an apt example of how the use
of multiple model organisms can pro-
vide insight into evolutionarily conserved
commonalities and differences in the
functional role of innate immune-signaling
components.
p38 MAPK signaling exemplifies
another instance in which model organ-isms have contributed to the under-
standing of innate immune signaling.
C. elegans and mammals possess orthol-
ogous p38 MAPK signaling cascades
(NSY-1 in C. elegans [ASK1 in mammals];
SEK-1 [MKK3 and MKK6]; PMK-1 [p38
MAPK]) (Shivers et al. 2010). In mammals,
this pathway controls TLR4-mediated
cytokine production (interleukin-6, [IL-6],
IL-1b, and tumor necrosis factor [TNF])
usually, but not always, through activation
of NF-kB (Matsuzawa et al. 2005). Specif-
ically, the TLR4 response to LPS does
not involve the NF-kB-mediated tran-
scriptional response typified by TLR-
PAMP interactions (Matsuzawa et al.
2005). Interestingly, C. elegans lacks NF-
kB, which uniquely positions this model
organism for genetically dissecting non-
NF-kB immune responses that might be
relevant to human immunity (Irazoqui
et al. 2010). For example, it was recently
shown that another transcription factor
downstream of the C. elegans p38
MAPK cascade, ATF-7, is important for
the host innate immune response. The
vertebrate ortholog, ATF2, appears corre-
spondingly, to play a role in the regulation
of cytokines (Shivers et al. 2010).
In this issue of Immunity, Visvikis et al.
(2014) identify another non-NF-kB tran-
scription factor involved in the host innate
immune response in C. elegans and in
the process uncover a formerly unappre-
ciated role for an ortholog in mammalian
immunity. The bHLH-30 (basic helix-loop-
helix) transcription factor in C. elegans
was determined to regulate 80% of the
host’s transcriptional immune response
(637 of 825 genes) to Staphylococcus
aureus. Because a majority of the
S. aureus-induced genes were expressed
in the intestine, Visvikis et al. created aImmunityHLH-30::GFP construct and observed its
expression to localize to the intestine,
among other tissues, in response to
S. aureus. Additionally, HLH-30::GFP
was observed to rapidly (30 min) trans-
locate from the cytosol to the nucleus in
all tissues. In order to determine whether
HLH-30 is important for the induction
of defense genes necessary for host
survival during S. aureus infection, Visvi-
kis et al. exposed hlh-30 mutants to
S. aureus and monitored survival relative
to wild-type (N2) nematodes. Indeed,
hlh-30 mutants were observed to be sig-
nificantly more susceptible to S. aureus,
indicating a role for HLH-30-regulated
genes in the host defense response.While
three HLH-30-regulated genes were
shown to be involved in contributing to
the host immune response to S. aureus
by RNAi—F43C11.7, math-38, and cyp-
37B1—HLH-30 regulated many different
genes that were segregated into four
functional categories: antimicrobial, sig-
naling, cytoprotective, and other. The
genes included those encoding C-type
lectins and sapposin antimicrobials,
JNK, p38 and insulin signaling pathway
components, and autophagy and lyso-
somal functions (Visvikis et al. 2014).
Though connections between infection
and autophagy have been previously
noted, this is the first time this process
was shown to be transcriptionally con-
trolled as part of the immune response.
Visvikis et al. further examined the role
of autophagy by monitoring autophago-
somal formation in response to S. aureus
by GFP::LGG-1, an autophagosome
marker. They determined that infection
significantly upregulates autophagosome
formation in C. elegans intestinal cells
(Deretic et al. 2013; Visvikis et al. 2014).40, June 19, 2014 ª2014 Elsevier Inc. 857
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Figure 1. HLH-30 (TFEB) Modulates an
Evolutionarily Conserved Transcriptional
Immune Response
Activated HLH-30 (TFEB) translocates to the nu-
cleus to upregulate genes with different functions.
The stimuli and upstream signaling component(s)
necessary to activate the HLH-30 (TFEB)-directed
transcriptional immune response are currently
unknown. mTORC1 is involved in mediating TFEB
activation in response to nutritional stress (Settem-
bre et al. 2012), but its role in immune response
has not been established.
Immunity
Previewslgg-1, unc-51, and vps-34 are involved
in the early steps of autophagosome
formation in the lysosomal degrada-
tion pathway (Visvikis et al. 2014). vps-
34 encodes a protein homologous to
human phosphoinositide 3-kinase, which
produces phosphatidylinositol 3-phos-
phate and is important to autophagy
(Deretic et al. 2013). RNAi of these auto-
phagy genes increased susceptibility to
S. aureus. However, RNAi did not result
in increased pathogen burden, suggest-
ing that these autophagy genes are
necessary for ‘‘tolerance of infection.’’
The relevance of HLH-30 to the host
immune response was not limited to
C. elegans, because the TFEB mamma-
lian ortholog was also discovered to
have an innate immune role. Visvikis
et al. demonstrated that similar to HLH-
30 in C. elegans, TFEB rapidly localizes
to the nucleus of murine RAW264.7 cells858 Immunity 40, June 19, 2014 ª2014 Elsevin response to S. aureus infection. Addi-
tionally, like HLH-30 in C. elegans, small
interfering RNA (siRNA) of TFEB in macro-
phages did not result in a decreased
pathogen load; however, autophago-
some formation was not monitored.
Thus, it is likely that TFEB also contributes
to tolerance of infection in the murine
macrophage model. siRNA of TFEB
and overexpression experiments demon-
strated that TFEB upregulates expression
of proinflammatory cytokines such as
IL-1b, IL-6, TNF-a, CCL5 and CCL17.
Additionally, there was significant overlap
of TFEB-regulated genes in HeLa and
human macrophage cells pertinent to
the host immune response.
Collectively, the data support the
authors’ argument that HLH-30 (TFEB)
mediates an early response that leads
to tolerance of infection (Visvikis et al.
2014). However, it is worth noting that
the response is still a transcriptional
response. Transcriptional responses are
inherently not as immediate as innate
immune mechanisms that are based on
biochemical cascades of existing pro-
tein components. Examples include the
complement cascade in mammals, the
hypersensitive response (HR) in plants,
and melanization in insects (Levine et al.
1994). The components of these re-
sponses are constitutively produced and
are therefore not subject to the delays in-
herent with transcription and translation.
The finding that HLH-30 (TFEB) drives
an immune response that is at least
partially mediated by autophagy leaves
several important questions unanswered.
Autophagy is known to help mediate
the clearance of intracellular pathogens
by physically compartmentalizing and
degrading these invaders (Deretic et al.
2013). How it contributes to the immune
response in the context of C. elegans
infection by S. aureus, where there is no
evidence of pathogen uptake, is unclear
(Visvikis et al. 2014). It could be that
autophagy aids cellular homeostasis by
enveloping and degrading cytoplasmic
constituents that redistributes valuable
nutrients and eliminates damaged organ-
elles (Deretic et al. 2013). Another un-
known is the upstream signaling compo-
nents and events that activate HLH-30
(TFEB). Although negative regulation of
TFEB by mTORC1 (mTOR complex 1)
occurs in the context of nutritional stress
(Settembre et al. 2012), it is not knownier Inc.whether this mechanism is also involved
in pathogen stress. Understanding how
HLH-30 and TFEB are regulated in
the context of the immune response is
an important future direction that will
perhaps identify additional targets for po-
tential therapeutic modulation (Figure 1).
In conclusion, Visvikis et al. identified
HLH-30 (TFEB) as a key regulator of a
very early transcriptional innate immune
response involving antimicrobials, sig-
naling, and cytoprotective responses
(Visvikis et al. 2014). Eighty percent of
the immune response to S. aureus can
be attributed to HLH-30, and the broad-
ness of the response in C. elegans might
explain why NF-kB has been lost in this
organism; HLH-30 coopted NF-kB’s
role. Finally, it is important to note that
the discovery of HLH-30’s role in innate
immunity using C. elegans, and the
application of this discovery to the
mammalian homolog TFEB, is the first
example of a new mammalian immune
factor being identified employing the
worm model. Model organisms continue
to play a critical role in the identification
and study of mammalian innate immune
mechanisms.
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